ABSTRACT: As part of a comprehensive strategy to the welwitindolinone alkaloids possessing a bicyclo[4.3.1]-decane core, we report herein concise asymmetric total syntheses of (−)-N-methylwelwitindolinone C isothiocyanate (2a), (−)-N-methylwelwitindolinone C isonitrile (2b), and (−)-3-hydroxy-N-methylwelwitindolinone C isothiocyanate (3a) from a common tetracyclic intermediate. The crucial vinyl chloride moiety was installed through electrophilic chlorination of a hydrazone, but only after adjustment of reactivity to circumvent a facile skeletal rearrangement. Selective desulfurization and oxidation of 2a provided access to 2b and 3a, respectively. Notably, this work provides corrected 1 H and 13 C NMR spectral data for 3a.
I
n the continuing search for effective new therapies to combat human disease, the field of medicine has often benefited from the discovery of novel compounds isolated from natural sources. As part of this pursuit, Moore and co-workers investigated a series of marine and terrestrial cyanobacteria and found their lipophilic extracts to display an array of cytotoxic properties.
1 This biological activity was traced to a new family of polycyclic oxindole-containing alkaloidsthe welwitindolinones (e.g., 1−4, Figure 1 ). Nearly all members of this family possess a common bicyclo [4.3.1] decane ring system set within a densely functionalized tetracyclic scaffold. Given their interesting biological activities and unique molecular architectures, the welwitindolinones have been the focus of numerous synthesis groups for nearly 15 years. 2, 3 Early this year, we reported the first synthesis of a bridged bicyclic member of the family, N-methylwelwitindolinone D isonitrile (4), 4 and this was followed by the synthesis of dihydro-N-methylwelwitindolinone B isothiocyanate.
5 Most recently, Garg and co-workers completed a remarkable synthesis of (−)-N-methylwelwitindolinone C isothiocyanate (2a). 6 As part of an ongoing program aimed at the development of a comprehensive approach toward this intriguing family of alkaloids, we now report the total syntheses of (−)-N-methylwelwitindolinone C isothiocyanate (2a), (−)-N-methylwelwitindolinone C isonitrile (2b), and (−) -3-hydroxy-N-methylwelwitindolinone C isothiocyanate (3a) .
From the outset, our objective was to design a unified strategy that would enable rapid assembly of a tetracyclic core unit, adorned in such a way as to provide avenues to all members of the bridged welwitindolinones. Toward this goal, we designed a concise sequence to forge the central bicyclo [4.3.1] decane ring system (6) through successive Lewis acid-mediated alkylative coupling and palladiumcatalyzed enolate arylation transformations, starting from readily available cyclohexanone-(7) and indole-containing precursors (Scheme 1). 2g,4 Having successfully employed tetracycle 6 in the synthesis of welwitindolinone D (4), we sought to use this intermediate as a key branching point from which to direct our efforts toward the subclass that possesses a vinylic chloride at C13, in particular N-methylwelwitindolinone C isothiocyanate (2a). Unique among this family of alkaloids, welwitindolinone 2a possesses the ability to antagonize the efflux activity of P-glycoprotein, the overexpression of which leads to the development of multiple-drug resistance in several types of human cancers.
7 However, the studies that identified this activity were carried out prior to the isolation of welwitindolinones 3a, 3b, and 4, and as such these more highly oxidized congeners have yet to undergo biological assay. Total synthesis therefore holds the potential to provide new Our approach toward N-methylwelwitindolinone C isothiocyanate (2a) hinged on late-stage introduction of the vinylic chloride through electrophilic chlorination of hydrazone 5, which would be available from ketone 6. We envisioned the use of this compound, whose synthesis was established en route to N-methylwelwitindolinone D isonitrile (4), as a strategic branching point from which to target several members of the family. In order to realize an asymmetric synthesis of (−)-2a, this intermediate was ultimately prepared from enantioenriched acetate (−)-8 (>99.5% ee), which was obtained through pig liver esterase-catalyzed resolution of racemic 4-acetoxy-3-methylcyclohexenone. 8 A key challenge for the synthesis of N-methylwelwitindolinone C isothiocyanate is installation of the vinyl chloride at C13. 9 Our plan was to introduce the chloride through electrophilic chlorination of the C13 hydrazone.
10,11 Of the three different carbonyl groups in the starting tetracycle (6), the least likely to condense with hydrazine was the bridging ketone at C10, due to its congested steric environment. So as to avoid formation of the hydrazone with the remaining carbonyl, the aldehyde, the plan was to protect this functionality as the corresponding dioxolane (9). Remarkably, when subjected to standard acetalization conditions, compound 6 gave none of the expected acetal and instead transformed cleanly into pentacycle 10. In fact, the same product was formed upon simply heating 6 in toluene at 85°C, absent any additional reagents. 12,13 A rationale for the structural reorganization is presented in Scheme 2 and involves an initial dearomatizing Cope rearrangement between the indole and the neighboring vinyl moiety to generate macrocycle 11, followed by rearomatization to provide vinylogous acid 12.
14 Isomerization of the initially formed E-olefin to the required Z-olefin (14), possible through the intermediacy of dienol 13, enables an intramolecular aldol reaction leading to the product. The ease with which the Cope rearrangement takes place is ascribed to the rigidity of the bridged skeleton as well as the presence of the two electronwithdrawing groups on the benzylic carbon, which may serve to weaken the central σ bond (C11−C12).
The path toward the target was expected to be facilitated by reduction of the aldehyde, which would serve the dual purpose of obviating its protection and circumventing the undesired skeletal rearrangement. In the event, treatment of tricarbonyl 6 with NaBH(OMe) 3 chemoselectively reduced the aldehyde, and, as expected, the resulting alcohol (15) was found to be thermally stable, even at 100°C (Scheme 3). We then returned our attention to introduction of the vinyl chloride. Condensation of diketone 15 with hydrazine required elevated temperatures and the presence of acetic acid but gave the desired hydrazone (16) selectively. 15 We were pleased to find that exposure of the crude hydrazone to N-chlorosuccinimide in pyridine afforded vinyl chloride 17 in 61% yield. The next task was the oxidation of the indole. While this oxidation was achieved using m-CPBA, the transformation proceeded more cleanly using the milder oxidant, magnesium monoperoxyphthalate (MMPP). Additionally, in order to obtain oxindole 18 in optimum yield, we found it necessary to perform the oxidation in a mixture of trifluoroacetic acid and acetic acid (2:3). In less acidic solvents (e.g., MeOH or AcOH), products of overoxidation, such as the corresponding 3-hydroxyoxindole, were observed. Having served its role, the primary alcohol was returned to the aldehyde state in nearly quantitative yield using the Dess−Martin periodinane. We were surprised to find that condensation of aldehyde 19 with hydroxylamine provided a variable mixture of separable oximes ((3S)-20 and (3R)-20, 1.6:1 to 4.4:1), 16 epimeric at C3. The ready formation of the 3S diastereomer is noteworthy, as this stereochemistry is found in at least one member of the welwitindolinone family. 17 Interestingly, the mixture of oxime diastereomers ultimately proved inconsequential, as both diastereomers when subjected to our modified protocol for Kim's oxime rearrangement 4, 18 converted smoothly to (−)-N-methylwelwitindolinone C isothiocyanate (2a), spectroscopically identical to the natural product.
With an efficient route to N-methylwelwitindolinone C isothiocyanate (2a) at hand, our next goal was to uncover pathways by which this product could be directly converted to its siblings, N-methylwelwitindolinone C isonitrile (2b) and 3-hydroxy-N-methylwelwitindolinone C isothiocyanate (3a) (Scheme 4). Desulfurization of isothiocyanate 2a with Mukaiyama's oxazaphospholidine (21) gave rise to the first of these targets, isonitrile 2b, in 65% yield. 4, 19 Conversion of 2a to hydroxyoxindole 3a posed a greater challenge, given the susceptibility of sulfur to oxidants and the need for diastereoselective oxidation. Based on prior work, 1b,4 the conformation of the natural product was expected to provide some measure of diastereocontrol during oxidation. Indeed, we found that treatment of 2a with KHMDS followed by Davis's oxaziridine (22) afforded a single compound in 67% yield possessing the exact mass of the expected 3-hydroxyoxindole derivative. 20 We were puzzled to find, however, that the 1 H and 13 C NMR data for this compound did not correspond to those reported in the literature for the natural product, 1b suggesting that the oxidation had taken place from the opposite face or perhaps some other transformation had occurred. To definitively establish the identity of the oxidation product, a single-crystal X-ray analysis was carried out, and the results showed our synthetic material to possess the very same chemical structure reported by Moore and co-workers for 3-hydroxy-N-methylwelwitindolinone C isothiocyanate (3a) . The discrepancy between our spectral data and those reported for the natural product implied that either the structure was misassigned or the data were incorrectly reported. In order to resolve this issue, we requested new NMR data for the authentic sample corresponding to 3a and found that, indeed, the newly recorded 1 H and 13 C NMR spectra were different from those in the original published work and fully matched those of our synthetic material.
21−23
In summary, we have completed concise syntheses of three members of the welwitindolinone C group of alkaloids. The synthesis of N-methylwelwitindolinone C isothiocyanate (2a) was achieved in 12% overall yield through a longest linear sequence of 16 steps from commercially available starting materials. This compound was then transformed directly into two additional members of the welwitindolinone C group, isonitrile 2b and 3-hydroxyoxindole 3a, thereby enabling correction of the reported spectral data for 3a. With the completion of this work, we have successfully employed our unified synthetic strategy toward members of each of the three structural subclasses comprising the bridged welwitindolinone alkaloids.
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